Evolution of sheet resistance of thin Ni film deposited on porous anodic alumina substrate Appl. Phys. Lett. 99, 263103 (2011) Effect of C60 layer on the growth mode and conductance of Au and Ag films on Si (111) A broadband microwave spectrometer has been constructed to determine the complex conductivity of thin metal films at frequencies from 45 MHz to 20 GHz working in the temperature range from 0.45 K to 2 K (in a 3 He cryostat). The setup follows the Corbino approach: a vector network analyzer measures the complex reflection coefficient of a microwave signal hitting the sample as termination of a coaxial transmission line. As the calibration of the setup limits the achievable resolution, we discuss the sources of error hampering different types of calibration. Test measurements of the complex conductivity of a heavy-fermion material demonstrate the applicability of the calibration procedures.
I. INTRODUCTION
Following the Corbino approach pioneered by Booth et al. in the 1990s, 1 broadband microwave spectroscopy at cryogenic temperatures has become an established and powerful technique to study the microwave conductivity of highly conductive solids. Main advantages of this technique are the very broad frequency range and the direct quantitative access to material properties. This approach has been used to study the dynamical conductivity of conventional [2] [3] [4] and cuprate superconductors [5] [6] [7] as well as strongly correlated metals. 8, 9 All these cryogenic experiments were performed with 4 He cryostats, whereas many superconductors and correlated metals are of interest at even lower temperatures. To study the microwave properties of metals and superconductors below 1 K, we have developed a Corbino spectrometer working in a 3 He cryostat. Since we already operate a 4 He microwave spectrometer in our laboratory which routinely covers the temperature range from 1.1 K to 300 K using 4 He, 3, 10, 11 we could optimize the new apparatus for temperatures below 2 K, and this way we were able to push the lower limits to 450 mK.
II. BROADBAND MICROWAVE SPECTROSCOPY IN CORBINO GEOMETRY
In Corbino microwave spectroscopy one measures the complex reflection coefficient S 11 of a microwave signal which travels along a coaxial cable (characteristic impedance Z 0 = 50 ) that is terminated by the sample with complex impedance Z L . From the relation 12
one can calculate Z L if the real and imaginary parts of S 11 are determined experimentally. Using a proportionality constant depending on sample geometry (either the complete Corbino disk 1 or strips connecting inner and outer conductors of the Corbino probe 13, 14 ) , Z L directly reveals the material properties such as the complex conductivity σ = σ 1 + iσ 2 . a) Electronic mail: scheffl@pi1.physik.uni-stuttgart.de.
The calibration of the setup is crucial (relating the measured reflection coefficient S 11, m to the actual reflection coefficient S 11, a of the sample) and essentially limits the resolution and accuracy. For Corbino measurements several calibration methods have been established. The general model includes three complex error coefficients:
1 directivity E D , source match E S , and reflection tracking E R . With these three coefficients one can calculate S 11, a from S 11, m ,
In the general "three standards calibration," a standard short
, and a standard load (Z L ≈ 50 ) are measured at the same frequencies and temperatures as the sample measurement, and from these data the error coefficients are determined as a function of frequency and temperature. 10, 15, 16 In the case of the "short-only calibration," on the other hand, one subsumes the complete temperature dependence of the setup into E R and assumes that E S and E D are temperature independent.
1, 10 Using a short as the only calibration standard for the temperature dependence makes this calibration valid only for samples with a reflection coefficient close to S 11 = −1.
10 This is the case for good metals and superconductors.
If the sample under study becomes superconducting and one is interested in its properties above the critical temperature T c , one can utilize the superconducting state of the sample as a short standard. 10 One assumes that the sample has reflection coefficient S 11 = −1 (perfect short) below T c and that the properties of the coaxial line do not change between the temperature of calibration (below T c ) and the measurement of interest (above T c ).
III.
3 HE CORBINO SPECTROMETER Our 3 He setup is shown schematically in Fig. 1 . It is based on an already existing 3 He apparatus [17] [18] [19] which we have equipped with a new insert for the microwave experiment, as depicted in Fig. 1(a) . The setup consists of a 4 He bath cryostat (four-walled glass, including liquid nitrogen shield) with an insert for the 3 He bath. Employing external heavyduty discharge pumps at room temperature, both 4 He and 3 He are cooled below their atmospheric pressure boiling points. 20 To ensure convenient temperature control of the probe as well as sufficient cooling power from the 3 He bath, the probe is located in a stainless-steel cylinder filled with 3 He exchange gas (typically p = 0.1 mbar at 1 K) as shown in Figs. 1(b) and 1(c). The lower part of this cylinder is made of copper and immersed in the surrounding liquid 3 He. The cylinder can be removed below the 1 K heat sink plate and is sealed by elastic metallic spring sealing. 21 Six holes (with a width of 8 mm) through the heat sink plate ensure an undisturbed 3 He flow and the required cooling power, see Fig. 1(d) . At this 1 K stage all electric wires and the transmission line inside the cylinder are thermally anchored. (For clarity, the copper wires of the anchoring are not shown in Fig. 1 .) The thermal contact of the heat sink plate to the 4 He bath is done by a copper mesh and elastic contact springs. 22 The probe head, shown in Fig. 1(e) , is compact and consists of only one single coaxial strand.
The sample on the sample holder is pressed against the Corbino adapter (modified commercial 1.85 mm adapter 23 ) with a spring, ensuring good electrical contact between sample and outer conductor of the coaxial probe even at low temperatures. The inner contact is made by a small brass pin with conical shape, inserted into the inner connector of the Corbino probe. 1, 10 Additional dc measurements with a multimeter monitor the electrical contact of the sample during the cooldown, and the temperature of the sample can be checked to avoid heating of the sample by the measurement current. Two Cernox temperature sensors 24 are mounted close to the sample holder; the temperature is monitored by a Lakeshore ac impedance bridge. 25 The microwave is generated and the reflected signal is detected by an HP8510C vector network analyzer (VNA). To keep the overall length of the microwave coaxial cables as short as possible, test set and source of the VNA are located right next to the top of the cryostat.
Our coaxial cable is made of stainless steel. 26 The length of the transmission line has a major effect of the measurements quality. The damping in the used stainless steel coaxial cables is 6.93 dB/m at 20 GHz. While its outer conductor is cooled by the exchange gas, we have not taken extra measures to cool the inner conductor. From the superconducting T c s of known samples, we can conclude that the temperature measured by the sensors and the actual sample temperature differ less than a few mK, i.e., we do not encounter any problems due to insufficient cooling of the inner conductor of the coaxial line. We assume that 3 He exchange gas enters the hollow volume between outer and inner conductors of the Corbino adapter and adjacent connector and causes sufficient thermal contact.
The measurement procedure is as follows: after cooling the 4 He systems to 1 K, all control parameters, such as contact gas pressure and amount of condensed 3 He are set to standardized values. Then one pumps on the liquid 3 He, leading to a temperature of 450 mK in single-shot fashion. Finally the microwave measurements are started and performed at a set of temperatures between 450 mK and 2 K; here the temperature is controlled with a heater in the probe while the 3 He bath remains at lower temperature. The measurement procedure is computer controlled, and during the acquisition of a microwave spectrum the temperature changes less than 10 mK.
IV. MICROWAVE PERFORMANCE
The actual performance of the spectrometer depends on the precision of the calibration. In the following, we discuss the main error sources for calibrations: The calibration using superconducting samples as short standard assumes that the transmission properties of the coaxial cable do not change when the sample is warmed up from the superconducting state to the temperature of the actual measurement. To which extend this assumption holds is shown in Fig. 2 : as an example, we plot the difference |S 11 (ω, T = 0.45 K) − S 11 (ω, T)| of the complex reflection coefficients of a short calibration sample (bulk aluminum covered by a 200 nm-thick gold film) at temperature T and at the lowest temperature 450 mK. This difference |S 11 (ω, T = 0.45 K) − S 11 (ω, T)| of the aluminum short is an upper bound for the systematic error of the superconducting calibration due to temperature-dependent change of the coaxial cable if the superconducting reference is measured at 450 mK. (It is only an upper bound because some part of the temperature dependence could in principle also stem from a temperature dependence of the reference sample.) This error increases with temperature difference between the measurements and with frequency. As the error is mainly due to the cable properties, such behavior is expected because of the frequency-and temperature-dependent characteristics of the coaxial cable. The dashed black line in Fig. 2 corresponds to the difference in S 11 between 450 mK and 1.1 K of a UNi 2 Al 3 sample (see below), including its transition from the normal conducting to superconducting state. This difference for the sample is considerably bigger than that for the short reference in Fig. 2 , indicating that the sample can be reliably measured with this procedure.
For all calibrations where a separate calibration sample is cooled down, the overall error depends on how well the microwave properties of the coaxial cable are reproduced for the cooldowns of the different samples. This error can be estimated from Fig. 3 , where we plot the difference of S 11 (ω, T) of the same sample of Fig. 2 measured for a set of temperatures obtained in two back-to-back cooldowns. As expected, this difference increases with frequency, similar to the observations in our 4 He spectrometer. 10, 11 For the dependence of this error on temperature, we have not observed consistent behavior amongst our available data of this type; in this regard the data in Fig. 3 should only be considered as one example whereas the magnitude of the observed difference is typical for our data.
These results evidence the possibility to reliably measure with the 3 He setup using the short only calibration, either with an extra short reference sample or with the superconducting state. At this stage, the achievable accuracy of a calibration employing more than one cooldown is still weaker than that of our 4 He system, 10, 11 but this is expected due to the longer coaxial cable and larger numbers of process parameters that contribute to the microwave properties of the cable during the course of a temperature-dependent measurement.
The sample exchange involves the release and reconnection of one microwave connection (at the room-temperature section of the coaxial cable, between the test set of the VNA and the top of the insert). Even when attached using a torque wrench, such dis-and reconnecting can introduce an extra error contribution which is not removed by the conventional procedure. 10 To take this extra error into account, we introduce an additional calibration which is explained in the Appendix.
V. EXAMPLE
To demonstrate the functionality of the new setup, we measured a sample in both the 4 He system 10, 11 and in the 3 He system. We chose as sample a thin film of the heavyfermion compound UNi 2 Al 3 which becomes superconducting at T C = 1 K (Refs. 27 and 28) and exhibits a pronounced frequency dependence of the conductivity in our frequency range already above T c . The sample was measured first in a 4 He setup using a three standard calibration and then in the 3 He setup. The 3 He data were analyzed using either the superconducting state of the sample as short or an additional aluminum short measurement, in the latter case also with an additional room temperature correction.
In Fig. 4 the complex conductivity of the UNi 2 Al 3 sample at 1.1 K is plotted four times: the first data stem from the 4 He system, calibrated with three standards. The second data were obtained with the 3 He setup, calibrated with the superconducting state of the sample (at 450 mK). The third data set is the same 3 He data of the sample, but now calibrated using the short-only calibration with an aluminum short. Finally, the fourth data set uses the short-only calibration with aluminum short, but additionally the room-temperature calibration outside of the cryostat is used to correct for the connector removal.
The typical heavy-fermion Drude behavior in the microwave conductivity (roll-off in σ 1 and concomitant maximum in σ 2 ) 8, 29 is evident for all data sets. These measurements demonstrate that our 3 He system allows quantitative determination of the complex microwave conductivity of highly conductive thin films for all these types of calibration. However, the "noise" of the conductivity data, which in fact is not due to stochastic errors but due to systematic ones that are not properly corrected for by the calibration, is stronger for the 3 He than for the 4 He system. This is expected because of the different length of the coaxial cable. Furthermore, the additional room-temperature calibration does not reduce this "noise" much, indicating that the main error source at this moment is not the connector removal, but imperfect reproducibility of the microwave properties of the coaxial cable in the different cooldowns of sample and reference measurements. Two resonances around 6 and 12 GHz appear in the data which were calibrated with the aluminum short; also these stem from imperfect cooldown reproducibility. For the present measurements they compromise the usable frequency range for this type of calibration, but we expect to solve this situation with further improvements of the cooldown parameters.
VI. CONCLUSION AND OUTLOOK
We have set up a broadband Corbino spectrometer working in the temperature range from 450 mK to 2 K and covering frequencies from 45 MHz to 20 GHz. We tested different calibration methods and showed their applicability for highly conductive samples. The spectrometer can now be used for detailed investigations of conducting thin-film sample at temperatures below 1 K, such as strongly correlated metals and exotic superconductors. The application can be extended to semiconductors.
Future improvements of the spectrometer should mainly address the frequency range: at this stage, we can consistently measure at frequencies up to 20 GHz; for the calibration using the superconducting state of the sample this frequency range extends up to 40 GHz. With a more detailed control of different process parameter, we envisage an upper frequency limit of 40 GHz for all calibration procedures, similar to the experience with our 4 He spectrometer.
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